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INTRODUCTION
Spectral Doppler ultrasound represcnts an invaluable tool for the noninvasive measurement of blood flow, with extensive medical applications in the diagnosis and management of cardiovascular disease [6] . Spectral Doppler ultrasound systems operate by transmitting multiple ultrasonic pulses along a given beam direction, receiving the Doppler signal backscattered from moving blood cells at a given depth, and performing spectral analysis ofthe Doppler signal to produce a two-dimensional spectrogram which provides the amplitudes of the detected Doppler frequency shifts (proportional to the corresponding axial velocity components of the moving blood cells) as a function of time. In all commercially available systems, spectral analysis is carried out by means of the short-time Fourier transform. However. it is generally recognized that lhis type of conventional spectral analysis is associated with a number of errors in the context of quantitative blood flow measurements.
More specifically, a first source of error is the temporal windowing (typically, 20 -30 ms) associated with the shorttime Fouriertransform, whichcauses artificial broadeningof the true Doppler spectrum. A second source of error is introduced by the highly non-stationary nature of Doppler signals from blood, resulting in spectral distortion and generation of artificial frequency components. Obviously, an attempt to minimize the effect of temporal windowing by using a longer analysis window will accentuate the non-stationarityrelated distortion and vice versa. A third source of error is due to the amplitude modulation of the Doppler signal by the impulse response of the ultrasound system, which corresponds to implicit windowing in the spatial domain. The above sources of emor, wluch have been collectively grouped under the term "spectral broadening artifacts", are considered responsible for limiting the performance and, in certain cases, diagnostic utility of spectral Doppler ultrasound. A quantitative model of spectral broadening can be found in [2] , where as a detailed review is available in [I I] .
Motivated by the specific drawbacks of the short-time Fourier transform in the context of Doppler ultrasound, a number of altemative spectral analysis techniques have been proposed in the literature, including AR and ARMA models [17, 7, 9, 141, Wigner distributions [5, 10, 41, and MUSIC algorithms [I, 181. However, none of those alternative spectral analysis techniques have been adopted in routine clinical practice due to concerns about their compatibility with the non-stationary nature of blood flow (i.e., "optimum" analysis parameters vary widely throughout the cardiac cycle) andlor technique-specific anifacts (e.g. Wigner dishibution frequency cross-products). Therefore, a considerable need still remains for new spectral analysis techniques which are compatible with the non-stationarity of Doppler signals from blood, and offer clearly better performance than the shorttime Fourier transform, both in terms of spectral broadening and distortion artifacts as well as temporal /frequency resolution.
A relatively new trend in nonstationary signal and spectrum analysis is to model a signal as a sum of AM-FM sig-
nals, i.e., nonstationary sines z ( t ) = a ( t ) cos(& f ( T ) d T )
that have a combined amplitude modulation (AM) and frequency modulation (FM). To solve the demodulation problem, an efficient novel methodology was developed in [IS]
by tracking the energy of the source producing the AM-FM oscillation and separating it into its instantaneous amplitude and frequency components. The energy tracking is done via nonlinear differential operators, the main representative of which is the continuous-time Teager-Kaiser energy operator
?(t)lz -z(t).(t), where?(t) = dz(t)/dt.
The demodulation is done via the energy separation algorithm (ESA) 1151. In this paper, we usenovel tools such as a multiband version of the ESA 131 and related time-frequency 0-7803-7503-3/02/$17.00 02002 IEEE robust estimates 1161 to develop an improved method for Doppler ultrasound spectroscopy. We apply the new method to blood flow signals and compare it with traditional techniques.
SIMULATED SIGNALS
Two types of Dopplerdata were used as inputs in this study: 1) synthetic radiofrequency (RF) signals, generated according to a model which specified the signals' true spectral content; and 2) in vivo blood flow RF signals, which allowed testing and evaluation under realistic conditions. The syntheticRFDopplersignals were ohtained by means of a backscatter simulation model which convolved the ultrasound system's impulse response with a spatio-temporal distribution of multiple elementary targets according to the equation: 
where uo(t) is the target velocity on the vessel longitudinal axis c = CO. R is the vessel radius, and k ( t ) determines the blood velocity profile. The developed simulation environment included GUls which allowed full control of all the important inshumentationand physics-related parameters such as ultrasound pulse frequency and length, beam width. pulse repetition frequency, maximum velocity, heam-vessel angle, etc.
The in vivo blood flow RF signals were acquired from the common carotid artery, using a central pulse frequency of 4 MHz, RF sampling frequency of 24 MHz, pulse repetition frequency of 5 kHz. beam-vessel angle of 60 degrees and observation time of 2 seconds.
ENERGY SEPARATION ALGORITHM
We assume that the original (possibly multicomponent) nonstation;lry signal under analysis has been filtered through a bankofbandpassfilters. Lettheoutput fromasingle filterbe modeled as an AM-FM signal z ( t ) = a(t) cos (Ji f ( i ) d T ) .
Applying the energy operator Q to this signal yields the instantaneous source energy, i.e. Q[z(t)] i i a'(t) f 2 ( t ) , wherethe approximation errorbecomesnegligihle [I51 ifthe instantaneous amplitude " ( t ) and instantaneous frequency f ( t ) do not vaty too fast or too much with respecl to the average value o f f (t). Then, AM-FM demodulation can be achieved by separating the instantaneous energy into its amplitude and frequency components. * is the main ingredient of the first energy separation algorithm (ESA) developed in [I51 and used for signal and speech AM-FM demodulation.
The instantaneous energy separation methodology has led to several classes ofalgonthms for demodulating discrete-
timeAM-FMsignalsz[n] = z ( n T ) = A[n] cos(s," F[k]dh-) where il[n] = a(nT) and F[n] = T / ( n T ) . A direct approach is to apply the discrete-time Teager-Kaiser operator

Qd[z,,]
z~--l,-lzn+~, wherez, = z[n],tothediscrete AM-FM signal and and its differences (which approximate derivatives). This yields the following algorithm, calledDis-
The DESA is a novel and very promising approach to AM-FM demodulation for many reasons: (i) It yields very small errors for estimating the instantaneous amplitude and frequency. (ii) It has an extremely low computational complexiry. ( iii) It has an excellent time resolution, almost insrantaneous; i.e., operates on a 5-sample moving window and can track instantaneous changes of signal modulations. (iv) It is less computationally complex and has better time resolution than other classical demodulation approaches such as the Hilbert transform. (v) It can detect transient events. 
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